is paper presents an experimental methodology that is capable of sensitively detecting the cavitation inception in a centrifugal pump. Firstly, with a centrifugal pump of n s � 117 as research object, the cavitation performance, the bubble pattern distribution at impeller inlet, and the vibration and noise were synchronously measured at different flow conditions each with several cavitation coefficients. e change laws of total level of vibration and noise signals throughout the cavitation process were emphatically investigated. After comparing the sensitivity and reliability of different detection methods, the method based on overall sound pressure level of liquid-borne noise is found to present high sensitivity to cavitation. Secondly, by comparing the affected 1/3 octave spectrum by changing flow and cavitation coefficients, the highly sensitive frequency band to cavitation was obtained. en, a new inception cavitation detection method was proposed based on Pauta principle. Finally, the method was verified through an ultra-low-specific speed pump (n s � 25). e results show that the total pressure level of liquid-borne noise increases firstly and then decreases with the development of cavitation. e broadband SPL of liquid-borne noise between 2000 and 3000 Hz can be used to detect the inception cavitation, and the cavitation detection threshold is determined as 1.0%.
Introduction
Centrifugal pumps are widely used in various engineering applications, such as agriculture, industry, drainage, and others [1] . With the development for high speed, the pump cavitation has become one major issue that causes negative effect on the operation stability [2] . Although the occurrence of cavitation can be effectively restrained by reasonable design or inlet supercharging, it cannot be eliminated fundamentally [3, 4] .
At present, there are several methods for detecting cavitation inception that are the energy method [5] , optical method [6] , surface coating method [7] , electrical resistance method [8] , acoustic emission technology [9, 10] , and vibroacoustic method [11, 12] . With a head drop of 3% or an efficiency drop of 1% as the criterion, the energy method could cause an erroneous estimate because actually the cavitation has developed to a certain extent under these conditions. e optical method is suitable for capturing the development state of cavitation when conducting a model test. Owing to high experimental cost and on-site condition limit for actual pump, its usage range is greatly narrowed. Covered with a layer material vulnerable to cavitation erosion on the surface of flow components, the surface coating method can directly observe the damage position and degree. However, it could not be well applied for most industrial applications due to the need for shutdown detection. e electrical resistance method mainly consists of direct and indirect methods. e former can determine the cavitation damage degree through comparing the resistance values of the metal sheet attached on the surface of flow component before and after cavitation, while the latter can only determine the relative strength of cavitation by measuring the resistance change of liquid medium. Owing to low signal robustness, the accuracy of the two methods cannot be guaranteed.
ese years, many researches begin to focus on the acoustic emission technology and the vibroacoustic method.
Acoustic emission technology has high requirements on background noise, so the environmental factor has become an important reason to restrict its wide application. e vibroacoustic method has received extensive attention from domestic and foreign scholars because of its real-time performance, strong anti-interference, lower operation cost, and wider acceptance. Bajic and Keller [13, 14] conducted a series of experiments for early detection of cavitation in a hydro turbine by the vibroacoustic diagnostics. With a certain number of accelerometers and sound pressure gauges installed on the guide vane, cover, and draft tube, the cavitation location on the impeller blade was obtained. It was found that the peak waveform between 80 and 100 kHz can reflect the shock response characteristic of high-frequency band existed in the cavitation signal.
rough the normalized spectrum calculated from the power spectral density function, the cavitation signal can be compensated while the resonance signal can be suppressed. Friedrich [15] experimentally investigated the variation of cavitation noise in the whole process of cavitation on a visual test bench. During the experiment, the cavitation noise signal with higher signal-to-noise ratio was obtained after weakening the background noise by using signal cancellation technology. In the research ofČudina and Prezelj [16, 17] , a specific frequency of 147 Hz in the noise spectrum was found to be related to the cavitation inception of a pump. And it is more accurate than the traditional predicting method of 3% head drop. However, this conclusion has not been confirmed in the research studies of other scholars. Rus et al. [18] measured the vibration and noise signals caused by cavitation in a two-blade axial-flow turbine and proved that there is a certain correlation between them. Escaler et al. [19] conducted the resonance and dynamic pressure tests on a scaled model of mixed flow turbine under various cavitation conditions. rough frequency domain analysis, it was found the cavitation signals are concentrated in the frequency band of 10-100 kHz, and the frequencies from 10 Hz to 15 kHz are more suitable for high-frequency component analysis. In addition, it is proposed that different kinds of sensors and detecting methods are needed for various cavitation types. e attached cavitation spectrum is concentrated around 10 kHz and the measuring points should be placed close to the impeller. e bubble cavitation spectrum is concentrated at 3 kHz and is related to radial vibration of the bearing. e vortex cavitation spectrum is concentrated between 30 and 40 kHz, and it is appropriate for determination though using dynamic pressure sensor. Duan et al. [20] collected and processed the vibration and noise signals of a water-jet propulsion pump. Based on the peak sequence of the second derivative of the cavitation feature band, the feature sets were constructed to jointly identify the cavitation. Finally, the cavitation stage was divided into three stages that are noncavitation stage, 1st cavitation stage, and 2nd cavitation stage. Su et al. [21] identified the cavitation status based on the vibration signals on the casing and higher derivatization of the noise signals in the inlet of a water-jet propulsion pump. Pu et al. [22] proposed a theory based on wavelet singularity to avoid the mutability of cavitation signals during morphological transformation. Shi et al. [23] summarized the characteristics of the wavelet basis functions, which are suitable for cavitation determination. To solve the blindness problem in the wavelet packet decomposition, a method of interval wavelet packet decomposition was proposed.
Note that in those studies, most of them are focused on extracting the cavitation-related vibration and noise signals by some means. And there is not a universal method for the detection of cavitation inception in centrifugal pumps. So in the paper, the frequency spectrum of vibration and noise is captured, aiming at proposing a highly sensitive cavitation detection method for a centrifugal pump.
Experimental System

Test Rig. A test rig was constructed in the Research
Centre of Fluid Machinery Engineering and Technology, Jiangsu University, as illustrated in Figure 1 . e experimental system mainly consists of a centrifugal pump connected with a transparent water tank, a vacuum pump, a cavitation tank, a pressure stabilizer, an exhaust port, inlet and outlet pipes, inlet and outlet valves, a variable-frequency driving motor, and others. Installed at the pump outlet, there is a pressure stabilizer for stabilizing the fluid pressure in the system and preventing the temperature rise due to the thermodynamic effect caused by cavitation. Besides, during the testing of liquid-borne noise, the pressure stabilizer can play the role of sound insulation and noise elimination with improved acoustic impedance. Also, it can solve the resonance and frequency-interference problems between the noise generated by the change of flowmeter and valve opening in the downstream of pressure stabilizer and the cavitation-induced noise of the pump. To reduce the interference from the system vibration, the tested pump and motor are fixed on the huge base, and the thick rubber gaskets are used at the connections between the pipeline and the pump. e thickness of the inlet and outlet pipes is chosen to be 8 mm for suppressing the Poisson coupling.
Before the testing, the valves in the closed loop system (valves 1, 2, and 3) were open. e cavitation tank was filled with water through the injection hole, and it was closed once there was water flowing out from the exhaust port of pressure stabilizer. en, the air valve of cavitation tank was open to connect with the atmosphere. In the meantime, the centrifugal pump started to operate for a period to discharge the air in the system and eventually to make the pressure of the loop system remain stable. e pump can stably operate at certain rotating speed and flow condition, respectively, by adjusting the variable-frequency driving motor and the opening degree of valve 3. e fluid through the valve 3 has pressure loss, which leads to pressure difference between the cavitation tank and pressure stabilizer. After that, by lowering the pressure in the cavitation tank controlled by the vacuum pump, the inlet pressure of centrifugal pump was reduced to present different cavitation stages. Furthermore, at some rotating speed and flow conditions, the air bubble distribution at the impeller inlet and the vibration and noise signals can be collected synchronously under different cavitation coefficients. Table 1 . For the cavitation observation, both the impeller and volute casing were manufactured of organic glass. To make the cavitation bubble display clearer when shooting, the impeller was painted black with spray. Because the pump cover was made of thick metal plate, considering the pressure inside pump body and the strength of organic glass, it was sealed with rubber ring and fixed with C clamp. With a standard mechanical seal installed on the shaft, owing to the influence of the airtightness of mechanical seal on the pressure retention of test system, "O" seal ring was adopted between the moving ring and shaft and between the static ring and casing. e physical drawings of pump body, pump cover, and impeller are shown in Figure 2 .
e cavitation inside centrifugal pump firstly occurs on the suction surface of impeller inlet. For capturing the complete bubble pattern at impeller inlet, a sealed transparent water tank is put up. e water tank is placed on the side of pump inlet, and the high-speed camera is directly positive to the tank. In addition, a row of air holes is arranged on the top, which is convenient to discharge the gas from the system when adding and discharging water and to maintain the pressure stability. For stabilizing the flow in pump inlet, its volume was designed to be 0.1 m 3 . e cavitation at the impeller inlet was collected by MotionPro Y4 high-speed CMOS digital camera produced by IDT Company in the United States. Two LED lights were adopted to increase the brightness of the impeller inlet during shooting. e LED light is a cold light source, which will not affect the fluid temperature. When shooting, the light source was placed on both sides of the inlet pipe to avoid the local shadow caused by a single light source. e shooting speed was set to 3000 frames per second.
Vibration and Noise Measurements.
A INV3020C highperformance data acquisition system, combined with acceleration and sound pressure transducers, was used to measure the signals of solid-borne vibration, liquid-borne noise, and airborne noise. e acceleration transducer incorporated one type of INV9822A with a sampling frequency range of 0.5-8 kHz. For the vibration measurements, 5 monitoring points (M 1 -M 5 ) were located, respectively, on the pump foot, discharge flange, and pump casing. e sound pressure sensor of INV 9206 was placed 1m away from the impeller inlet, with a resolution of ±0.2 dB. For the liquid-borne noise measurement, a RHSA-10 hydrophone was used, whose sampling frequency range was from 20 Hz to 100 kHz with a resolution of ±2 dB. e flush method can reliably measure the pulsating sound field in the pipe [24] . e flush method is employed for hydrophone setups. Owing to easy influence from the pressure fluctuation of pump outlet, the hydrophone was flush mounted at 8 times of outlet diameter from the discharge flange. Different from the spectrum distribution of mechanical failure signal, the broadband feature under cavitation reflects both in low-and high-frequency bands. To ensure the spectral precision in low-frequency band and reflect the changing trend in highfrequency band, the vibration and noise signals were collected for 30 s with a sampling frequency of 12.8 kHz.
e instruments used in the measuring system for the vibration and noise are given in Table 2 . e installation locations of the sensors are shown in Figure 3 .
Experimental Results at Rated Rotating Speed
Cavitation Performance.
To investigate the cavitation performance of the pump at rated rotating speed of 1450 r/ min, the flow coefficient φ, head coefficient ψ, and cavitation coefficient σ are analyzed. ey are defined as follows: 
where D 2 is the outlet diameter of impeller, b 2 is the outlet width of impeller, n is the rotating speed, u 2 is the circumferential velocity at the impeller outlet, g is the gravitational acceleration, P in is the pressure at impeller inlet, p v is the saturated vapor pressure (p v � 3574 Pa), and ρ l is the medium density (ρ l � 998 kg/m ).
e cavitation performance curves of the tested pump for three flow coefficients are shown in Figure 4 as a function of cavitation coefficient. And it is generally believed the cavitation is fully developed when the head drops about 3% on the basis of the traditional energy method.
e corresponding critical cavitation number is defined as σ c . At the flow coefficient of 0.065, the critical cavitation coefficient is observed to be located at 0.297. e critical cavitation coefficients for three flow coefficients are shown in Table 3 , which exhibits an obvious influence caused from the flow, namely, the higher the flow coefficient, the higher the critical cavitation coefficient.
High-Speed Photography.
e cavitation bubble distribution at the impeller inlet for three flow coefficients is Figure 6 , at the cavitation coefficients of 1.384 and 0.338, the pump runs normally without cavitation bubble captured at the impeller inlet. When it reduces to 0.321, a small amount of bubbles are firstly found at the suction surface of blade. At the moment, the corresponding cavitation coefficient obtained through the high-speed photography is seen as the visible incipient cavitation coefficient, denoted by σ p . Compared with Figure 4 , the visible incipient cavitation coefficient σ p is larger than the critical cavitation coefficient σ c , which indicates the pump head has not changed yet when the cavitation begins to occur. Note that at the time, the cavitation bubble does not appear on each blade simultaneously, mainly due to the pressure distribution unevenly distributed in flow passages caused by the asymmetric structure of volute and tongue. When the cavitation coefficient reduces to the critical cavitation coefficient σ c of 0.297, the cavitation already arises nearly on each blade and the connected bubble area appears when it is less than σ c .
Also, seen from Figure 4 , the head coefficients remain constant at 1.03 and 0.62, respectively, for φ � 0.032 and φ � 0.098 at the condition of visible incipient cavitation, which further proves that the hydraulic performance of the pump is not affected when the cavitation initially occurs. In Figures 5 and 7 , under smaller and larger flow conditions, the cavitation is already evident at their critical cavitation coefficients. As the cavitation coefficient continues to decline, a small number of traveling cavitation bubbles not attached on blade surface begin to appear. At the time, the bubble area at the suction surface of pump inlet remains basically unchanged, while the bubble thickness cannot be confirmed only from the shooting direction. erefore, it is unable to further distinguish the difference of cavitation degree only by high-speed photography. On the other hand, although the cavitation detection based on the optical method is more accurate, due to low practicability in practical engineering applications, other cavitation detection methods are needed.
e visible incipient cavitation coefficients for three flow coefficients are shown in Table 4 , further suggesting the cavitation is more easily to happen for higher flow rate.
Liquid-Borne Noise, Airborne Noise, and Solid-Borne
Vibration.
e traveling cavitation bubble cluster would affect the internal flow inside the pump, which can be reflected in the form of sound energy. On the other hand, the pressure wave formed by the collapse of cavitation bubbles would firstly act on the liquid, which in turn generate liquidborne noise. e background noise was measured and the overall sound pressure level (OSPL) is much smaller than that of the pump, which can be negligible in the paper. e OSPL curves of liquid-borne noise for three flow coefficients are demonstrated in Figure 8 in terms of cavitation coefficient.
e overall sound pressure level L p is calculated as follows:
where Δf i is the minimum frequency resolution, f 0 and f max are the frequency limits, p a or p i is the effective sound pressure, and p 0 is the reference sound pressure (p 0 � 1 × 10 −6 Pa for water). We can see that the OSPL of liquid-borne noise at φ � 0.065 is minimum at the respective cavitation coefficient under noncavitation condition. is is mainly because the higher efficiency is corresponding to relatively smaller sound pressure level for fixed total energy. As the efficiency reduces under partial working conditions, the lost energy is reflected in the form of acoustic energy, which induces higher OSPL than rated working condition. And at noncavitation stage, the OSPL of liquid-borne noise under different cavitation coefficients remains stable. For the reduction of cavitation coefficient, it can be regarded as an increase of installation height of the pump, which has no influence on internal flow. However, after certain cavitation coefficient, the OSPL of liquid-borne noise gradually increases to an extreme value and then decreases with decreasing cavitation coefficient.
ere are several reasons for the existence of extreme point in the OSPL curves. Firstly, under the action of low-frequency pulse and high-frequency shock wave formed due to bubble migration and collapse, the OSPL curve rises. When the cavitation develops to a certain extent, the impeller inlet or even the flow passage will be blocked by a large number of bubbles, resulting in the rapid decay of high-frequency energy and the isolation of low-frequency energy by cavitation bubble. en, the sound pressure level measured by the sensor will decline. Besides, two-phase flow is formed due to a large amount of bubbles flowing with the medium.
e compressibility of two-phase flow and the resistance of wall would rise sharply. As a result, the acoustic property of the medium Shock and Vibration 5 and the energy received by the sensor change. When the cavitation coefficient decreases, the expansion of bubbles would absorb the impact force and the noise caused by bubble collapse. e noise is influenced jointly by the number and collapse rate of cavitation bubbles. If the pressure decreases under constant flow rate, the noise would increase with increasing cavitation bubble number, while the noise reduces with lowering the collapse rate of cavitation bubbles. When the cavitation inside the pump occurs, the obvious cracking sound can be felt at the test site. is is because the energy propagates in the air and radiates outward through the pipeline, pump body, and so on.
e magnitude of radiation energy is positively correlated with the product of the effective root mean square value of vibrating structure and the vibration surface area. With further development of cavitation, the cracking sound will decrease. Because human ear is more sensitive to the frequency band of 800-5000 Hz, the A-weight has been conducted to airborne noise. e OASPL curves of airborne noise for three flow coefficients are shown in Figure 9 . Note that for the airborne noise, the reference sound pressure p 0 equals to 2 × 10 −5 Pa. is is maybe because the airborne noise includes not only the pump noise, but also the background noise generated by the motor, bearing, coupling, and valves. With the decrease of cavitation coefficient, the OASPL of airborne noise at higher flow coefficient of 0.098 increases, followed by the rated condition, and the lower flow condition is the latest. When the cavitation coefficient drops to a certain level, the airborne noise rises sharply until it reaches the highest point and then begins to fall.
e pressure fluctuation, cavitation-induced noise, axial and radial hydraulic forces, mechanical dynamic imbalance, and other factors would excite the solid-borne vibration in the entire system. In the test, the vibration signals of pump foot (M 1 ), outlet flange (M 2 ), pump body in axial direction (M 3 ), and upper and right side of pump body in radial direction (M 4 and M 5 ) were collected and analyzed. 
where a e is the effective value and a 0 is the reference value (a 0 � 10 −6 m/s 2 ). Under noncavitation stage, the VAL at each measuring point fluctuates slightly but basically maintains at a lower level. e VAL at M1 is highest, where the vibration at pump foot is most intense. Comparing the three monitoring points at pump body, the VAL of M3 is observed to be larger than that of M4 and M5, indicating the flow shock is mainly concentrated in axial direction. In addition, under the cavitation coefficient larger than σ p , the VALs of monitoring points at rated condition are smaller than those of other working conditions. Furthermore, the VALs at smaller flow coefficient of φ � 0.032 are larger than those of large flow coefficient of φ � 0.098, proving more energy is dissipated in the form of vibration at small flow condition. With the decrease of cavitation coefficient, the VALs appear to maintain a small range of fluctuations firstly and then rise sharply. After increasing to a limit, there is a small fluctuation and then the VALs appear to fall. From Figures 9 and  10 , we can see that with decreasing cavitation coefficient, a maximum value for OASPL or VAL appears. is is because when the cavitation develops to a certain extent, although there is a pressure wave acting on solid wall caused by cavitation collapse, a large number of bubbles would occupy most flow passages of the pump. is will hinder the direct impact from the liquid onto solid surface, reduce the excitation force generated between the liquid and solid wall, and eventually lower the vibration level and noise level.
Owing to the sampling time of 30s, the signal can be regarded as quasisteady during the sampling period. e sound pressure level presents a certain fluctuation, but its fluctuation amount is basically less than 0.3%. With the average value of OSPL at one cavitation coefficient under noncavitation stage as the reference, the incipient cavitation coefficients based on liquid-borne noise are defined as 0.5% increase of OSPL, denoted by σ io . Similarly, with the average value of OASPL as reference, the incipient cavitation coefficient based on airborne noise is defined as 0.7% increase, denoted by σ eo . With the average value of VAL under noncavitation stage as the reference, the incipient cavitation coefficient based on solid-borne vibration is defined as 0.5% increase of vibration level, denoted by σ so .
e incipient cavitation coefficients corresponding to liquid-borne noise, airborne noise, and solid-borne vibration for three flow coefficients are shown in Table 5 .
Sensitivity and Reliability Comparison.
e sensitivity and reliability of cavitation detection methods are compared in Figure 11 . e corresponding incipient cavitation coefficient is used to reflect the sensitivity, tagged by black mark. e higher the black mark is, the higher sensitive the detection method shows. e maximum relative deviation on the basis of reference value is calculated separately to reflect the reliability of detection methods, represented by red bars.
It can be seen that the incipient cavitation coefficient obtained by different detection methods is different, and the rule is: σ p > σ io > σ so > σ eo > σ c . Although the optical method has the highest sensitivity, it is less applicable because the impeller inlet cannot be visualized on most industrial occasions. e method based on liquid-borne noise is more sensitive than that of solid-borne vibration and airborne noise. is is because the acoustic signal generated by the migration or collapse of bubbles will be received by the hydrophone at the beginning of cavitation. And, due to small amount of bubbles at the inception cavitation, the induced vibration signal acted on the structure will not be received by the vibration acceleration sensor. Moreover, the magnitude of air acoustic energy can be ignored compared with that of environmental noise. So, the sound pressure transducer receives a weak cavitation signal. As for the relative deviation, it is different for various measuring parameters under noncavitation stage. Among them, the maximum relative deviation for liquid-borne noise, solid-borne vibration, and airborne noise is found to be 0.31%, 0.48%, and 0.63%.
is suggests the liquidborne noise signal is best to resist environmental interference. In the process of signal acquisition, the installation type and location of hydrophone can ensure good reception of cavitation acoustic signal and lower the effects from pressure pulsation and pseudo acoustic. On the other hand, due to high impedance produced between different media, the liquid-borne noise is less affected by the background.
e vibration coming from the motor or bearing makes the relative deviation of solid-borne vibration of pump larger. And for airborne noise, almost all the environmental factors would cause changes.
erefore, the reliability of airborne noise is lowest for cavitation detection.
In summary, the liquid-borne noise has high antiinterference performance and sensitivity to cavitation signals. erefore, the incipient cavitation point obtained by liquid-borne noise is used for cavitation stage division.
Proposals of New Cavitation
Detection Method e variation of flow rate or decrease of cavitation coefficient would cause a formation of cavitation in the pump, resulting 
Onset cavitation coefficient
Relative deviation Shock and Vibrationin a change in the measured magnitude. Although the sensitivity is improved compared with conventional methods, the detection method only relying on the OSPL of liquid-borne noise still has certain limitation. e influence of cavitation on frequency band may be diverse. So, the frequency band, which is high sensitive to cavitation but low to flow rate, is sought. With a certain threshold value, the cavitation stage is determined by the spectrum method.
Cavitation-Sensitive Frequency Band at Rated Rotating
Speed. At the rated rotating speed of 1450 r/min, the 1/3 octave spectrum of liquid-borne noise under different cavitation coefficients and flow coefficients is analyzed in Figure 12 , where the centre frequency of 1/3 octave band is plotted on horizontal axis and the OSPL of each 1/3 octave band is calculated. In Figure 12 (a), the 1/3 octave spectrum under cavitation coefficient σ � 1.253 is selected as the standard, and the absolute values of OSPL variation on each frequency band relative to the standard spectrum are normalized for other cavitation coefficients.
In Figure 12 (b), the spectrum under flow coefficient φ � 0.065 is selected as the standard, and the absolute values of OSPL variation on each frequency band relative to the standard spectrum are normalized for other flow coefficients. e color denotes the normalized variation, where 0 means no change relative to the standard and 1 means the largest change. It is obvious the OSPL of liquid-borne noise changes under various cavitation and flow coefficients. However, comparing Figure 12 (a) with Figure 12 (b), we find the frequency bands affected are diverse. In Figure 12(a) , at the initial stage of reducing cavitation coefficient, the change rate relative to the standard value seems to be minor. When the cavitation coefficient drops to 0.38, the change rate increases sharply for high-frequency band between 2000 and 3000 Hz and low-frequency band below 100 Hz but varies little in the medium-frequency band of 100-1000 Hz. In Figure 12(b) , the influence of flow on the spectrum is mainly concentrated in the middle and low frequency below 1000 Hz. When the flow changes from rated to offrated conditions, the OSPL changes significantly below 60 Hz and 100-300 Hz. And with increasing flow coefficient, the change rate gradually increases. At these frequency bands, the axial frequency, blade passing frequency, and their harmonics have nonnegligible impact, which indicates the flow mainly affects discrete eigenvalues in low-frequency band. However, the generation of cavitation not only has a certain influence on discrete eigenvalues in low-frequency band but also has a greater impact on broadband components in high frequency. Moreover, comparing Figure 12 (a) with Figure 8 , it is seen that at the cavitation coefficient of 0.38, the OSPL of liquid-borne noise remains unchanged, but the OSPLs of the frequency band between 2000 and 3000 Hz have changed significantly.
erefore, the spectral analysis method for cavitation detection is more accurate. And the frequency band of 2000-3000 Hz, which is sensitive to cavitation but not to flow, is selected for further research.
Cavitation Determination Based on Frequency
Quantization. Usually, the rotating speed influences the discrete eigenvalues in the frequency spectrum. To reduce the effect of discrete eigenvalues on sound pressure level of broadband components, the spectrum signal of liquid-borne noise is filtered with a bandwidth of 1 Hz.
e SPL of broadband components is obtained as follows:
where f i is the filter function, by which the original spectrum is filtered to a broadband spectrum with a bandwidth of 1 Hz. e spectrum of liquid-borne noise under various rotating speeds is processed at the same flow coefficient of 0.065. For quantitative analysis, the band-pass filtering was applied on the frequency bands of 0-100 Hz and 2000-3000 Hz respectively. e broadband SPLs of liquid-borne noise for these frequency bands are shown in Figure 13 .
With increasing rotating speed, the broadband SPL shows an increasing trend for the frequency band of 0-100 Hz or 2000-3000 Hz. As the cavitation coefficient decreases, the SPL for the frequency band of 0-100 Hz rises slightly with an obvious fluctuation. is is because the sidelobe frequency existing between discrete eigenvalue in the low-frequency filtering process plays an uncertain role in the broadband SPL. And because the energy of background noise is higher, the cavitation energy is relatively lower in the stages of noncavitation and initial cavitation. When logarithmic processing is carried out with dB as the dimensionless basis, the cavitation noise has less effect than background noise; thus, the broadband SPL does not change significantly in the spectrum. However, for the frequency band of 2000-3000 Hz, since the discrete eigenvalue energy has been attenuated and submerged in the broadband frequency and the background noise level of the frequency band is low in the noncavitation stage, the effect of cavitation is prominent. Moreover, due to wider frequency band and large number of samples after filtering, the broadband SPL fluctuates less when it is not under cavitation.
Based on the average value of SPL at noncavitation stage, the maximum of broadband SPL in the frequency band of 0-100 Hz is only about 0.4% higher than the benchmark, while the maximum in the frequency band of 2000-3000 Hz is about 3.9% higher. erefore, it is more appropriate to use the 2000-3000 Hz band as the reference band for cavitation determination.
In order to figure out the threshold value for cavitation detection based on the spectrum of liquid-borne noise, the principle of 3σ is introduced, also known as the Pauta principle. Assuming that a certain set of data contains only random error, after calculating the standard deviation, an interval shall be determined according to a certain probability, and the data outside the interval shall be eliminated. In the normal distribution, σ is the standard deviation, μ is the mean value, and x � μ is the symmetric axis. e 3σ principle means the probability that the value is distributed at (μ − 3σ, μ + 3σ) is 0.9974. e average value of broadband SPL in the frequency band of 2000-3000 Hz is taken as reference for the cavitation coefficient larger than σ p , and the percentage of the change relative to the reference value is used as the threshold. e statistic results are shown in Table 6 . To avoid the effect of noise fluctuation on the accuracy of cavitation determination at the stage of noncavitation, the threshold value for 2000-3000 Hz is determined as 1%. In other words, the cavitation is considered to occur when the average SPL at the frequency band is 1% higher than that of noncavitation stage.
Verification of Cavitation Detection Method
For verifying the proposed detection method for incipient cavitation, an ultra-low-specific speed volute-type centrifugal pump was studied. Its main design parameters are Table 7 .
Energy Performance.
e cavitation performance curves for various flow coefficients are demonstrated in Figure 14 . e critical cavitation coe cients corresponding to 3% drop of head at di erent ow rates are shown in Table 8 .
As can be seen, the slope of cavitation performance curve remains constant at larger cavitation coe cient, indicating the hydraulic performance of the pump is not a ected. With the decrease of cavitation coe cient, the cavitation gradually appears in the pump, which leads to the drop of head. At the initial cavitation stage, the change rate is relatively small. While, when it develops to certain extent, the head begins to fall sharply. e drop point of head is di erent at di erent ow coe cients, and the head drops earlier at higher ow coe cients than lower conditions, illustrating the cavitation is easy to occur at high ow condition too.
Cavitation Detection Method Based on Liquid-Borne
Noise.
e OSPL of liquid-borne noise with decreasing cavitation coe cient at various ow coe cients is demonstrated in Figure 15(a) . Correspondingly, the normalized 1/3 octave spectrum at rated ow condition is illustrated in Figure 15 (b) for various cavitation coe cients. e 1/3 octave spectrum at σ 1.253 is used for standard, and the absolute values of OSPL variation on each frequency band relative to the standard spectrum are normalized. e color denotes the normalized variation, where 0 means no change relative to the standard and 1 means the largest change.
e enlarged ow design method is employed to design the ultralow-speci c centrifugal pump. e design process of this method can be found in the literature [25] . So, the pump e ciency does not reach maximum under the rated condition. With the ow coe cient increasing from 0.0056 to 0.0225, the e ciency of pump increases gradually. e increase in e ciency means that more energy is converted to the kinetic energy of uid, while other forms of energy are reduced. As can be seen from Figure 15 (a), when the cavitation coe cient is greater than the incipient cavitation coe cient based on liquid-borne noise, the OSPL decreases gradually with increasing ow coe cient. While when it is less than the incipient cavitation coe cient, the OSPL rstly increases to a certain degree at the critical cavitation coe cient and then begins to decline. From Figure 15(b) , when the cavitation coe cient equals to 0.029, the liquidborne noise basically exhibits a high sensitivity to cavitation in the whole frequency band. Especially in the frequency band between 2000 Hz and 3000 Hz, the change gradient of OSPL is largest. However, in most frequency bands below 2000 Hz, when the cavitation coe cient declines to a certain value, the variation law of OSPL is not consistent and monotonous. erefore, it is veri ed that for the liquid-borne noise, the frequency band of 2000-3000 Hz has the highest sensitivity to cavitation and is suitable for the cavitation determination.
e frequency band of 2000-3000 Hz is used for cavitation determination. And the change rate of 1% for broadband SPL is seen as the threshold. To verify the accuracy of the threshold value, the frequency band between 2000 and 3000 Hz at the rated condition was ltered with a bandwidth of 1 Hz, and the broadband SPL was calculated, as shown in Figure 16 . As can be seen, rstly, the broadband SPL increases at the ow coe cient of 0.0225, while nally it increases for φ 0.0056. And the broadband SPL under larger ow is smaller than that under smaller ow, indicating the ow has certain in uence on the broadband SPL.
With the OSPL increased by 0.5% compared with the reference as the incipient cavitation, the incipient cavitation coe cients σ io are found. Moreover, with 1% of change rate of broadband SPL as the threshold, the incipient cavitation coe cients are shown in Table 9. Comparing Tables 8 and 9 , the incipient cavitation coe cient based on the threshold is advanced than other methods.
Conclusions
Based on the experiments on a visual closed test rig, the cavitation incipient point was de ned by di erent methods. A more accurate inception cavitation method based on owborne noise was determined compared to other cavitation determination methods. en, through processing and analysis of noise spectrum, the frequency band with high sensitivity to cavitation was found, and the cavitation threshold of broadband frequency was quanti ed. Based on this, the cavitation determination based on the broadband SPL of liquid-borne noise is proposed. Shock and Vibration 13
(1) When a small amount of bubbles is observed through high-speed photography, the pump head remains unchanged just like noncavitation condition. With decreasing cavitation coefficient, the total levels of liquid-borne noise, airborne noise, and solid-borne vibration firstly increase and then decrease. e incipient cavitation coefficients obtained by different detection methods are different, and the rule is: σ p > σ io > σ so > σ eo > σ c . Although the optical method has the highest sensitivity, it is less applicable because the impeller inlet cannot be visualized on most industrial occasions.
e method based on liquidborne noise is more sensitive and reliable than that of solid-borne vibration and airborne noise, although less appropriate for small pumps in comparison with the airborne SPL. (2) e spectra of flow-borne noise influenced by cavitation are mainly concentrated in the frequency band of 2000-3000 Hz and below 100 Hz. While for flow, it is concentrated in the middle and low frequency below 1000 Hz. At the cavitation coefficient of 0.38, the OSPL of liquid-borne noise remains unchanged, but the OSPLs of the frequency band between 2000 and 3000 Hz have changed significantly. And due to more vital cavitation effect compared with 0-100 Hz, the frequency band of 2000-3000 Hz, which is sensitive to cavitation but not to flow, is determined for inception cavitation detection. Introducing into the principle of 3σ, the threshold value for 2000-3000 Hz based on the spectrum of liquid-borne noise is determined as 1%. (3) e frequency band of 2000-3000 Hz and the change rate of 1% for broadband SPL were further verified on an ultra-low-specific speed pump (n s � 25). e incipient cavitation coefficient based on the threshold is advanced than other methods; especially, its sensitivity has been greatly improved.
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